In the framework of the Idealized Structural Unit Method (ISUM), a rectangular plate element has been developed. This element takes account of buckling, post-buckling behavior and ultimate strength of the plate. After ultimate strength, the element predicts a constant carrying capacity in contrast with the decreasing carrying capacity of actual plates after they reach their ultimate strength.
Introduction
In the late nineteen sixties to early seventies, Ueda and Rashed1) developed an effective method of analysis of non-linear behavior of large structures. In 1975 2), the method was called "The Idealized Structural Unit Method". In this method, the structure is divided into the biggest possible structural units (components) , whose geometric and material nonlinear behaviour are idealized. These structural units are regarded as elements in the framework of the matrix displacement method of structural analysis.
In the middle eighties 3,4), a rectangular plate element and a rectangular stiffened plate element have been developed. The developed elements predict the behavior until their ultimate strength with an accuracy similar to those of other accepted theoretical methods. These elements, however, predict a constant post-ultimate strength. The reason for this is that the effectiveness of the plate panels is expressed in terms of maximum stress in the elastic as well as the elastic-plastic ranges. After yielding, the maximum stress does not change leading to a constant effectiveness and a constant carrying capacity.
Actual plate panels exhibit post-yield reductin of effectiveness with the increase of inplane displacements, that is with increasing strain.
In this paper a further development of the ISUM rectangular plate element has been carried out to include this effect. An improved element is presented in which the post-buckling stiffness matrix is expressed as a function of the total strain and a new concept of strain hardening is introduced in evaluating the postultimate strength elastic-plastic stiffness matrix.
In this way, the reduction of plate strength with increased in-plane displacement after yielding may be evaluated.
Several examples of rectangular plates with different thicknesses subjected to in-plane uniaxial compression, biaxial compression and shearing loads are presented and compared with results of analysis by the Finite Element Method.
Perfect rectangular plate element
Each ship plate panel, unavoidably, has a certain amount of initial deflection and residual stresses caused by fabrication processes. First a perfect flat rectangular plate element free from initial deflection and residual stresses is considered. The effect of these initial imperfections is considered in the next section.
Following procedures presented by Ueda et. al 3), the plate element has only four nodal points with two degrees of freedom at each nodal point as shown in Fig. 1 .
The nodal displacement and the nodal force vectors are presented as follows.
where, a suffix T indicates the transposed matrix. The plate is simply supported at its edges. In-plane biaxial compressive forces, in-plane bending moments and in-plane shearing forces are applied as shown in Fig. 2. 2. 1 General behavior of the rectangular plate element
The behavior of the rectangular plate element when subjected to an increasing load is illustrated in Fig. 3 and may be summarized as follows :
The relation between the nodal force vector R and the nodal displacement vector U may be conveniently expressed in the incremental form. Before any failures have taken place, the relation between an increment the nodal displacement vector U may be expressed in terms of an elastic stiffness matrix ICE as follows.
As the nodal forces increase, the plate may buckle when a buckling condition is satisfied, 
5 Plate behavior after yielding
For simplicity of presentation, let a rectangular plate simply supported along its four edges and subjected to uniaxial compression in the longitudinal direction be considered. After buckling, a stress distribution as shown in Fig. 5 is developed in the middle plane of the plate. As the load increases yielding may start at points A and B where the membrane stress is maximum in compression (minimum) in x direction and maximum in tension (maximum) in y direction, or at the concave surface of the plate at center. The latter causes a decrease of bending stiffness leading to a higher rate of First, initial deflection is dealt. Initial deflection may be expressed in a fourier series as follows7).
A plate with initial deflection and subjected to biaxial compression exhibits an increase of deflection from the beginning of the loading process. At the beginning, the magnitudes of all fourier components of the initial deflection increase. Close to the critical buckling load, unless some other component has an extremely large magnitude, the magnitude of the component similar to the buckling mode of the corresponding perfect plate continue to increase at a higher rate, while the magnitudes of other components start to decrease. Strictly speaking, bifurcation at the critical load is not observed. The behavior is accompanied with the effect of large deflection from the beginning of loading. Yielding starts at a load lower than that for a perfectly flat plate (without initial deflection) and ultimate strength is also reduced. Only one component of initial deflection similar to the buckling mode has an appreciable effect on plate behavior and needs to be taken into account. Initial deflection may then be expressed as follows. (62) where Initial deflection does not have a large effect on plate behavior in shear and in the case where the plate is subjected to shear stress together with biaxial compression, initial deflection may still be represented by Eq. (62).
Additional deflection due to the applied load may be assumed in the same form as follows. (63) where, W is the amplitude of the additional deflection Next, welding residual stresses are dealt. These usually take the distribution as in Fig. 7 -a and may be idealized as in Fig. 7 
where, and the post-buckling stiffness matrix is given as follows :
2 Ultimate strength condition
In presence of residual stresses, tension bands as shown in Fig. 7 exist along where, Ee-E1[1-(beae/ba)v2], be and a, are the effective widths of plate element in the directions of x and y, respectively, ax at x=0 and a, and y= b/2 may be evaluated as follows, ay at y =0 and b in the middle of half buckling waves (x=112) may be evaluated as follows. In the analysis by ISUM, each plate is modeled by one element. In the Finite Element Method analyses, models are composed of 10 x 10 to 16 x 16 elements (5 x 5 to 8 x 8 elements for one quarter of the plate) with 6 layers for evaluation of plasticity.
4. 1 Uniaxial compression Eleven simply supported square plates as shown in Table 1 are subjected to uniaxial compression in xdirection. The load is applied as a uniform displacement of the edge x=a, while keeping the edge x=0 stationary. The two edges y=0 and y=b are free to move, however they are kept straight (ISUM plate element formulation guarantee straight edges). Figures 8, 9 , and 10 show results of analysis using the improved ISUM plate element together with those by FEM. It may be seen that this ISUM element predicts the decrease of the carrying capacity at the post-ultimate strength state. Results are generally in good agreement with results of the analysis by FEM. However, the following may be observed.
a. Since gradual progress of plasticity is not taken into account in the ISUM elements, a knuckle on F-4 curve at the ultimate strength may be observed. This leads to a slight over-evaluation of the ultimate strength. As displacement increases, the carrying capacity quickly approaches that evaluated by the FEM.
b. With larger values of W0/t, the ISUM element tends to slightly underevaluate the ultimate strength, and post-ultimate strength carrying capacity. 
